Introduction to 
Communication 
Science and Systems 



John R. Pierce 

and 

Edward C. Posner 



Springer 




Introduction to 
Communication 
Science and Systems 




Applications of Communications Theory 
Series Editor: R. W. Lucky, Bell Laboratories 



INTRODUCTION TO COMMUNICATION SCIENCE AND SYSTEMS 
John R. Pierce and Edward C. Posner 



A Continuation Order Plan is available for this series. A continuation order will bring 
delivery of each new volume immediately upon publication. Volumes are billed only upon 
actual shipment. For further information please contact the publisher. 




Introduction to 
Communication 
Science and Systems 

John R. Pierce 

and 

Edward C. Posner 

California Institute of Technology 
Pasadena, California 



Springer Science+Business Media, LLC 




Library of Congress Cataloging in Publication Data 



Pierce, John Robinson, 1910- 
Introduction to communication science and systems. 

Includes bibliographical references and index. 

1. Telecommunication. I. Posner, Edward C., 1933- joint author. II. Title. 
TK5101.P53 621.38 80-14877 

ISBN 978-1-4899-1889-5 



ISBN 978-1-4899-1889-5 ISBN 978-1-4899-1887-1 (eBook) 

DOI 10.1007/978-1-4899-1887-1 



© 1980 Springer Science+Business Media New York 
Originally published by Plenum Press, New York in 1980 
Softcover reprint of the hardcover 1st edition 1980 

All rights reserved 

No part of this book may be reproduced, stored in a retrieval system, or transmitted, 
in any form or by any means, electronic, mechanical, photocopying, microfilming, 
recording, or otherwise, without written permission from the Publisher 




To the students of Caltech — 

who made this a better book 



John R. Pierce 
Edward C. Posner 

September 1979 




Preface 



There are many valuable and useful books on electrical communication 
(References 1-5 are some examples), but they have certain disadvantages 
for the beginner. The more advanced books present some things in a 
basic way, but they are very narrow for an introduction to communica- 
tion. The introductory books are broader but still narrow by our stan- 
dards. Further, they often pick things out of thin air rather than derive 
them. 

This book is aimed at giving the beginner a basic understanding of a 
wide range of topics which are essential in communication systems. These 
include antennas and transmission, thermal noise and its consequences, 
Fourier transforms, modulation and noise, sampling and pulse code 
modulation, autocorrelation and power spectrum, optimum filtering, gauss- 
ian noise and errors in digital transmission, data transmission, limits on 
data rate including information theory and quantum limits, and source 
encoding. We have not included communications traffic, switching, and 
multiplexing, nor protocols for digital and computer communications. For 
these, Reference 6 is excellent. In general, our book does not discuss the 
circuits used for communication or the physics of radio propagation. We 
assume that these will be taught in specialized courses, but such courses 
are not prerequisites for this one. 

Chapter 1 introduces the transmission formula or antenna equation 
and antenna directivity. Only a very basic sophomore physics knowledge 
of electromagnetic theory is assumed. The radar equation is also treated. 
The transmission formula occurs throughout the rest of the book in 
examples and problems because it is often the main determinant of 
communication system performance. 

In Chapter 2, we study noise and its measurement. Here we use an 
average or mean-square criterion, and defer probability until Chapter 8. 
Some of the details on noise in optical communication are drawn from a 
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later chapter, Chapter 11. Chapters 1 and 2 enable the student to 
calculate signal-to-noise ratios, and so begin to analyze the performance 
of entire communication systems. 

Chapter 3 introduces transfer functions and frequency spectra, but at 
a level above the electrical circuit. No prior knowledge of Fourier series, 
Fourier transforms, or circuit theory is assumed, and only the most 
elementary facts are used about differential equations, from sophomore 
mathematics. We also introduce impulses or delta functions. The two- 
dimensional Fourier transform is defined and is used to derive rigorously 
the antenna equation of Chapter 1. We also discuss short-term energy 
spectra or sonograms. This chapter is basic for all that follows. 

In Chapter 4, we learn about all the classical radio engineering 
methods of modulation, including amplitude, frequency, and phase mod- 
ulation. The results of Chapter 3 allow us to find the power spectra of 
these forms of modulation. In conjunction with Chapters 1 and 2, we find 
signal-to-noise ratios for some real communication systems, and compare 
them in this aspect of their performance. 

Chapter 5 provides the link between the analog world of voltages 
and the digital world of bits through the study of sampling and the sine 
function. The error due to sampling is introduced as one part of the 
overall system error in digital communication. All the necessary proper- 
ties of sampling and sine functions are derived. 

Chapter 6 introduces the autocorrelation function and the concept of 
a stationary signal or noise. Here we use what we learned about Fourier 
transforms in Chapter 3. These concepts form the basis of our analysis in 
subsequent chapters of the error performance of communication systems. 
But, probability is not introduced as a tool for signal and noise analysis 
until Chapter 8. 

Chapter 7 develops and uses simple optimization techniques from the 
calculus of variations to find pulse shapes that maximize the signal-to- 
noise ratio in the transmission of random binary data. We use the fact 
that a signal corresponding to random binary data is stationary as defined 
in Chapter 6. We also derive the concept of matched filtering for 
optimum detection. As an application of optimization, we derive the basic 
conditions for diversity reception and antenna arraying. 

In Chapter 8, we introduce probability for the first time. No prior 
experience is assumed. We derive expressions for shot noise, thermal 
noise, and gaussian noise in general. We include the central limit theorem 
in order to explain why gaussian noise is so prevalent in communications. 
This derivation is based on what we have learned about Fourier trans- 
forms. For the first time in this book, we are able to relate signal-to-noise 
ratios to error probabilities. It is the error probability that the user of 
digital communication is concerned with. 
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Chapter 9 continues to develop probability, extending the concepts 
to include entire waveforms such as signals or noises. We extend Chapter 
6 to probabilistic signals and noise by studying stationary random proces- 
ses and their autocorrelation. The two-dimensional gaussian is treated, 
and so the two-dimensional Fourier transform comes into play. As an 
application, we study the detectability of gaussian signals in noise using a 
spectrum analyzer. We also derive properties of narrowband gaussian 
noise, which occurs almost universally in communication receivers as at 
least one component of noise. 

Chapter 10 goes into more detail concerning digital data transmission 
systems. It shows how to shape the spectrum of a data signal by simple 
encoding in order to adapt the data to a channel, such as a telephone 
circuit, that does not pass dc. We also describe a simple encoding to 
randomize the data source in order to make synchronization of the data 
symbols easier. In addition, this chapter studies the errors associated with 
phase modulation used for digital data communication. The bandwidth 
occupancy and power spectrum of phase modulation are derived as well. 

Chapter 11 goes beyond the concept of the probability of making an 
error in a single received data bit. Here we study information theory. We 
derive Shannon’s expression for the ideal energy per bit needed for 
reliable communication on a gaussian channel, making use of the concept 
of signal space. This relies on what we have learned about sampling, 
correlation, and gaussian noise. We study ways to approach Shannon’s 
limit by coding, and learn about the efficiency of multilevel signaling 
compared with Shannon’s limit. We use Fourier transforms, optimum 
filtering, and gaussian noise theory to derive, via the quantum mechanical 
uncertainty principle, the quantum noise we first introduced in Chapter 2. 

In Chapter 12, we study error-correcting coding used to approach 
Shannon’s limit. In particular, we derive Viterbi decoding of convolu- 
tional codes. We study the losses inevitable in data communication if we 
detect bits one by one instead of using optimum detection involving many 
bits at once. Here we use the concept of mutual information, which 
permits us to define the capacity of any channel. The capacity of the 
photon-counting optical channel is then derived by using a conceptual 
coding scheme. Jamming, snooping, and spread-spectrum communication 
are also considered, and we find the optimum communication possible, 
according to information theory, in such adverse circumstances. 

Previous chapters treated the communication link. Chapter 13, the final 
chapter, deals with the data source. Ways are given for removing redun- 
dancy, both within and outside of the context of information theory and 
mutual information. Huffman coding and rate distortion theory allow 
some gains, but we will see that the major gains are attained by getting at 
the underlying mechanism of signal generation. The vocoder is described 
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as an instance of this. Multidimensional scaling is explained as a means 
for getting at the message behind the message in other situations. We 
close by giving some thoughts on how to design entire communication 
systems. 

This book, then, aims at basic ideas, simple derivations, and tractable 
but meaningful examples. The examples are intended to confirm that 
what is being learned has relevance and application to communication 
systems. The aim is to introduce and direct, to give a sense of meaning 
and purpose, not to complete. To communication science and systems 
there is no end, but a good beginning can help the student or practitioner 
on his or her way. 

The book may serve as a three-quarter or two-semester text for 
juniors, seniors, or graduate students in electrical engineering who want 
to understand the fundamental ideas of communication, either to enhance 
their value as electrical engineers or as a preparation for advanced 
courses leading to a career in research, development, or engineering in 
any area of communications. Engineers in other fields who understand 
the basics of electricity and magnetism and a very little electronics will 
also find this book useful as an introduction to the technology of one of 
the world’s most significant and exciting industries. For such engineers, 
the book may also be useful for self-study. 

Physical science students may find this book useful. Physicists, earth 
scientists, and astronomers who must detect signals in their work can use 
this book to learn about the limits of detectability of signals, whether they 
be laser signals, seismological signals, or the signals of radio astronomy. This 
applies as well for students of neurological signals, psychophysics, and 
acoustics. Pure and applied mathematicians working in information 
theory and coding theory will learn how their work fits into a broader 
framework of communications technology, and they may find new and 
exciting areas to work in. 

Proofs of key results are provided wherever practical. The proofs 
have been chosen for simplicity and insight. They may not always be the 
best proofs, but they do not require much previous knowledge of 
mathematics, and they present important concepts. 

Problems are provided at the ends of the sections. Chiefly, these are 
problems with a moral. Some illustrate material in the text with specific 
numbers plausible for real-life systems. Others extend the material pre- 
sented in the text. A small book of solutions is available to instructors. 

One of the authors (JRP) is gratified that members of his Caltech 
classes, as projects in the third quarter of a three-quarter course based on 
drafts of this book, gathered particular data from the literature, from 
Caltech’s Jet Propulsion Laboratory, and from other sources, and 
sketched the design and performance of plausible communication systems 
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for distances ranging from a few hundred feet to the distance from Earth 
to Alpha Centauri. Many others have helped improve this book by 
commenting on portions of it. A few students who used this book for a 
reading course were especially helpful, and so were the graders of the 
course for which this book was designed. Special thanks should be given 
to Patricia Neill, who typed the multiple versions of the class notes on 
which this book is based as well as the final manuscript delivered to the 
publisher. 

Pasadena , California John R. Pierce 

Edward C. Posner 
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Antennas and Transmission 



Communication is usually limited by the amount of power that we can 
transfer from the transmitter to the receiver, because this, in part, 
determines the ratio of received signal power to noise power. 

In radio communication, the power received depends not only on the 
transmitted power, but also on the characteristics of the transmitting and 
receiving antennas. In general, the larger the transmitting antenna (meas- 
ured in wavelengths), the more directive the beam of radio waves it sends 
out, and the greater the power density at the receiving antenna. And, the 
larger the receiving antenna, the greater the total power that it picks up. 

In this chapter we shall learn how to deal quantitatively with the 
antenna parameters that determine the ratio of received power to trans- 
mitted power. 

Figure 1.1 shows a microwave antenna with a cassegrainian feed 
system. The microwave radiation is fed to the antenna surface by reflec- 
tion from a hyperboloidal subreflector. The antenna surface itself is 
paraboloidal. Elementary geometry shows that the path length, and hence 
the time it takes a radio wave to travel from the source to a very distant 
point, is the same no matter what part of the main paraboloidal surface or 
subreflector the wave is reflected from. This is the condition for focusing 
the radiation into a narrow beam. Reference 1 tells much more about 
reflector antennas and their properties. 

Antennas for communication or radar must often transmit and 
receive at the same time. The 64-m paraboloidal antennas with cassegrai- 
nian feed systems that are used for deep space communication routinely 
receive signals 26 orders of magnitude weaker than the signal they 
transmit. This means that we may deal with very weak signals in com- 
munication. 

We have seen that antennas are a very important part of a communi- 
cation system. They are always the most visible parts of microwave radio 
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• Focus of 
Paraboloid and 
Hyperboloid 



Figure 1.1. Cassegrainian reflector 
antenna. 



systems that operate at frequencies from 1 to 30 GHz. The antennas for 
space communication are usually paraboloidal. Some microwave antennas 
have the form of a horn with a dielectric lens at the large end (Fig. 1.2) or 
a horn with a paraboloidal reflector at the large end (Fig. 1.3). The latter 
type of antenna is used in transcontinental microwave transmission for 
telephone and TV. The lens or the curved reflector makes the time it 
takes a radio wave to travel from the source to a very distant point the 
same no matter what part of the antenna aperture the wave emerges 
from. As we have noted, this is the condition for focusing. 

Suppose that we have two radio antennas, a transmitting antenna and a 
receiving antenna. What fraction of the transmitted power does the 
receiving antenna pick up? What is the relation between this fraction (the 
path loss) and the directivity or radiation pattern of the antenna? These 
questions are of primary importance in radio systems, whether they be 
transcontinental microwave systems with antennas on hilltop towers at 
spacings of some 30 miles, or satellite systems with an earth-satellite 
distance of over 20,000 miles, or links to the moon, Mars, Jupiter, or the 
stars. 

This chapter is concerned with path loss for line-of-sight paths. The 
phenomenon of fading in atmospheric transmission is not considered, 
nor are problems of generating radio frequency power. In this book, a 
resistance of 1 ohm is usually assumed in relating power to mean-squared 
voltage. Our expressions will be dimensionally correct if we interpret V 2 
as power. 



Horn 



\ 



Lens 



Receiver or 
Source at Focus 



Figure 1.2. Lens antenna. 
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Figure 1.3. Horn reflector antenna. 




1.1. Path Loss from Satellites 

A synchronous satellite is 42,000 km or 26,000 miles from the center 
of the earth (at an altitude of 22,000 miles from the nearest point on 
earth). What fraction of the transmitted power can be picked up by a 
circular antenna of diameter D? This depends on the radiation pattern of 
the antenna on board the satellite. It is an important question because 
more received power means that more telephone conversations or TV 
programs or other communication can be transmitted over the path. Let 
us find what fraction of the transmitted power can be received. 

If the satellite transmitting antenna sends out power isotropically or 
equally in all directions (as the Telstar antenna pretty much did), the 
transmitted power will be distributed equally over 4tt steradians.t A 
circular antenna of diameter D at a distance r covers irD 2 l4r 2 steradians 
and gathers together and in phase at the focus all of a plane radio wave 
that it intercepts. Thus, in this case of isotropic radiation, the ratio of 
received power P R to transmitted power P x will be 

Pr/Pt = UD 2 l4r 2 )l47T 

P R /P T = D 2 /16r 2 (1.1-1) 

But, satellite antennas no longer radiate power isotropically. They 

send out power preferentially toward the receiving antennas on earth. If 

the beam of radio waves from the satellite falls uniformly on the disk of 
the earth and none is lost into space, the ratio of the power received to 
the power transmitted is very nearly 

P R /P T = D 2 /D 2 (1.1-2) 

where D e is the diameter of the earth. 

The most recent satellite antennas are more directive than this. If the 
radio waves from the satellite antenna fall on an area A of the earth’s 
surface, the ratio of received to transmitted power is 

Pr/Pt = ttD 2 /4A (1.1-3) 

t An infinitesimal area dA normal to the radius at a distance r has a solid angle dA/r 2 
steradians. 
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It is a basic law of radio transmission that the path loss (ratio of power 
received to power transmitted) is the same if the transmitting antenna and 
the receiving antenna are interchanged. This path loss is commonly 
expressed in decibels, or dB. Path loss in dB is 

10 log 10 (P R /P T ) 

In the next section we shall consider the effectiveness of antennas in 
focusing the radiated energy into a tight beam. This is an important factor 
in determining received power, together with the collecting area of the 
receiving antenna. 



Problems 

1. How much is 26 orders of magnitude in dB? 

2. Assume that the receiving antenna on earth has a diameter of 150 ft. What is 
the path loss in dB if the satellite (1) radiates isotropically, (2) just covers the 
disk of the earth (“global beam”), (3) just covers the 3.6 x 10 6 miles 2 area of 
the continental United States (“spot beam”)? 

3. What is the gain in dB (i.e., advantage over isotropic radiation) in (1), (2), and 
(3) of Problem 2? 



1.2. Directivity of Microwave Antennas — Rough Treatment 

A good deal is said about waves in this book, but no derivation is 
given of the properties of any physical waves, electromagnetic or acoustic. 
This is not a book about the physical properties of waves. Reference 2 is 
useful in learning about these properties. 

The wavelength A of a sinusoidal wave is the velocity v divided by 
the frequency /. We do need to know that beyond a few of these 
wavelengths from a small source, waves travel in straight lines with a 
constant velocity. For electromagnetic waves this velocity v is 

v = c = 3 x 10 8 m/sec 

This is the velocity of light. If a plane wave, or one which varies only in 
the direction of propagation, is sinusoidal and has a frequency / or a 
radian frequency a) = 2i r/, then along a straight line in the direction of 
propagation the electric or magnetic field, E or H , varies with distance x 
as 



E = E 0 e~ u<olc)x = Eo iC27rMx 
H = H 0 e~ iiai/c)x = H 0 e -,(2 ' rr/x)x 
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Here E 0 and H 0 are the peak amplitudes of the electric and magnetic 
fields. The power density carried by an electromagnetic wave is propor- 
tional to EE* or HH* or EH*. (Throughout this book, * denotes the 
complex conjugate.) 

A wave is isotropic if at a given distance from the source, or on a sphere 
concentric with the source, the power density is the same in all directions 
or at all positions on the surface of the sphere. The power density 
decreases inversely as the square of the radius because the total power 
flowing through a sphere surrounding the source does not depend on the 
radius. This is the law of conservation of energy. Isotropic electromagne- 
tic waves are impossible to generate, but we sometimes use hypothetical 
isotropic electromagnetic waves as a standard of comparison, as we did in 
Section 1.1. Within a small volume sufficiently far from its source, an 
isotropic electromagnetic wave, or any other electromagnetic wave, looks 
like a plane wave. 

The electric or magnetic fields of waves from two or more sources 
add as vectors to give the total electric or magnetic field. Diffraction 
theory tells us that a wave itself can be represented as an array of small 
sources over the wave front , which is the surface of constant phase. If we 
want to find the field produced at some distant point by a plane wave 
emanating from an aperture, we look back at the aperture and add 
vectorially and with appropriate phase, or as complex vectors, contribu- 
tions from each little area dx dy of the aperture. 

Electric and magnetic fields are vectors. However, if the aperture is 
far enough away and if the electric field points in the same direction in 
each little area dx dy, then the electric fields produced at the distant point 
will all point in the same direction, and the amplitudes will add just as if 
the fields were scalars, not vectors. Scalar diffraction theory takes no 
account of vectors but merely adds scalar intensities, taking account, of 
course, of phase. This is a good approximation in dealing with elec- 
tromagnetic waves under the conditions given above. We shall explore 
this in Section 3.10, where we derive the exact formula for transmission 
of electromagnetic waves between antennas. In this section, we will derive 
an approximate version of the transmission formula by taking into ac- 
count quantitatively the relative phases of waves from different portions 
of the antenna aperture. 

Figure 1.4 illustrates a paraboloidal microwave antenna, with a focal 
point feed. A microwave source at the focus of a paraboloidal reflector 
illuminates the reflector more or less uniformly. The microwaves are 
reflected as shown. 

If we draw any line from the focus to the surface of the paraboloid 
and thence parallel to the axis (the line between the focus and apex), the 
distance to a plane P-P f which is normal to the axis is always the same. 
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Thus the number of wavelengths that a ray travels from the focus to the 
plane P-P' is the same for all rays or paths. Over the whole aperture of 
parabolic dish (the part of P-P' within the diameter D) the microwaves 
from the source at the focus will be in phase. 

According to diffraction theory, then we look back at the aperture 
from a distant point, the waves over the plane of the aperture constitute 
sources. If we move off the axis on a line from the center of the antenna 
which makes a small angle of 0 radians with respect to the axis, the 
distances to the two edges of the dish differ approximately by a length 

D sin 6 = DO (1.2-1) 

Here D is the antenna diameter. When DO is a half a wavelength, the 
signals from the two edges cancel because they are exactly out of phase, 
and the radio signal is substantially less than it is on the axis. Thus we can 
say roughly that the angular half-width or directivity of the radio beam 
sent out by the antenna is given by 

DO = A/2 

e = A/2 D (1.2-2) 

Here A is the wavelength. Figure 1.5 shows an antenna pattern which 
displays this phenomenon. These patterns were taken simultaneously with 
an extragalactic point radio source (quasar) on a 64-m NASA deep space 
communication antenna using a dual-frequency feed. The crude equation 
(1.2-2) suggests beamwidths of 0.058° and 0.016°, respectively. The 
values which can be read off the figure are about 0.08° and 0.02°. 

Assume that all the radiated energy lies in a cone of half-angle 6 
given by (1.2-2). Consider a receiving antenna of diameter D R at a 
distance L from a transmitting antenna of diameter D T . Here D R is small 
enough so that the entire receiving aperture is in the cone, and so that the 
electric field is approximately constant over the receiving aperture. The 
receiving antenna accepts a fraction P R /P X of the radiated power which is 
the fraction of the area of the cone of radiation at distance L that the 

p 




Axis of Paraboloid 



Figure 1.4. Paraboloidal antenna 
geometry. 
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Angle off Boresight — ► 

Figure 1.5. Antenna patterns at 13 cm (S-band) and 3.5 cm (X-band). 



receiving antenna intercepts. This is just the ratio of the squares of the 
diameters of the two circles: 

Pr _ Dr 
P T [L(A/D t )] 2 

P R D r 2 D t 2 
P T L 2 A 2 

or 

P R 

Pr ~ tt 2 L 2 A 2 

Here A T and A R are the areas, i.e., the areas of the apertures, of the 
circular transmitting and receiving antennas. For uniform in-plane illumi- 
nation, the true formula does not depend on the fact that the cross section 
is circular, even though this crude derivation does. The exact answer will 
be given in the next section, where we introduce the concept of effective 
area. We will work out some of the implication of this in Section 1.5. 



(approximate) 

(approximate) (1.2-3) 

(approximate) (1-2-4) 



Problems 

1. Calculate the beam half-widths in radians for the following cases: 
D A 

(1) 10 ft 7.5 cm 

(2) 200 ft 1 cm 

(3) 15 ft 6000 A 
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2. For the cases in Problem 1, calculate the beam half-diameters in feet and miles 
at the following distances: 20 miles, 20,000 miles, 200,000 miles, 100,000,000 
miles, 4 light years. 

3. A domestic satellite system for Japan will provide national coverage if its 
footprint on earth has an approximately elliptical shape properly oriented with 
major axis 2400 km and minor axis 800 km. A synchronous satellite at altitude 
40,000 km is used, with a frequency of 4 GHz. What would you guess the 
appropriate shape, dimensions, and relative orientation of the satellite antenna 
should be to produce the desired pattern or footprint on earth? 



1.3. The Transmission Formula and Effective Area 



Equation (1.2-2) is not a measure of beam half-angle that leads to a 
correct constant in (1.2-4). An exact argument to be given in Section 3.10 
leads to an expression called Friis's transmission formula or antenna 
equation: 



Pr _ A t A r 
P T “ A 2 L 2 



(1.3-1) 



This assumes that the antennas are pointed at each other for maximum 
received power and are far from each other. A x and A R are the effective 
areas of the transmitting and receiving antennas and A is the wavelength. 

If, when we use the antenna as a transmitting antenna, the illumina- 
tion (field strength) is uniform over an antenna of geometrical area A, the 
effective area of the antenna is equal to the geometrical area A. This is 
shown in Section 3.10. What happens in the case of a nonuniform 
illumination? 

Assume that the electric (or magnetic) field strength over the area of 
the antenna is 

E(x, y) 

The power P T which flows out over the aperture is 
P T = (l/K ) ) ) E 2 (x, y) dx dy 



The integration is carried out over the area of the aperture. K is a 
constant called the impedance of vacuum: 

K = 120t r = 377 ohms 



The electric field E R at the aperture of the receiving antenna is the 
sum of contributions from all areas of the transmitting antenna 
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Here B is a constant. The formula for received power must be 
analogous to that for transmitted power: 



p R = 

We see that 



e r 2 a r 

K 



— (f 

K \J 



E(x, y) dx dy A R 



P* 

P T 



^ = B 2 A k 



IS 



E(x , y) dx dy 



| J E 2 (x, y)dxdy 



The mean or average field E at the transmitting antenna is 

E = ~ f f JE(x, y) dx dy 
A TG J J 

where A TG is the (actual) geometrical area of the transmitting antenna. 
The mean-square field E 2 at the transmitting antenna is 



Hence 




dx dy 



P R /P T - B 2 A r A tg [(E) 2 /E 2 ] 



If the illumination over the transmitting antenna is of constant 
amplitude and in phase, we will have 

(E) 2 = E 2 

This tells us what B 2 must be, and (1.3-1) holds with 

B 2 = 

P T A r A t 

The formula for effective area to be used in (1.3-1) is then 

A t = A tg [(E) 2 /E^] (1.3-2) 

Duality between transmitting and receiving leads to the similar formula 

A r = A rg [(E) 2 /1 2 ] (1.3-3) 

In the case of A RG , the geometric area of the receiving antenna, we mean 
the field over the aperture when the antenna is used for transmitting. 
We will note that 



(E) 2 /E 2 < 1 



(1.3-4) 
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This will be derived in Section 9.1 when we study random waveforms. 
Thus the effective area cannot be greater than the geometrical area. The 
ratio ( E) 2 /E 2 is called the aperture efficiency. 

Sometimes only a part of the power directed toward a parabolic 
reflector by a feed actually strikes the dish and is reflected to form a part 
of the antenna beam. When this is so, the aperture efficiency we should 
use in the transmission formula (1.3-1) is 

aliEf/E 1 ] 



Here a is the fraction of the power from the feed that actually strikes the 
reflector. 

We are also interested in the effective areas of antennas that are not 
simple reflectors. We may assume a receiving antenna of effective area 
A r , and calculate the received power P R . We will now define the effective 
area A x of the nonreflector antenna so as to make (1.3-1) hold: 



Aj 



A 2 L 2 P r 
A r p t 



(1.3-5) 



To find P R for given P T we will need to find the electric field strength at 
the receiving antenna using elementary electromagnetic theory. 

We may expect that the effective area of a given nonreflector 
antenna can depend on wavelength. This is not true of reflector antennas 
whose diameter is large compared with wavelength, if we do not vary the 
wavelength so much that surface accuracy effects become important. 

The next section relates the tightness of the antenna beam to the 
hypothetical isotropic radiator as a reference standard. 



Problems 

1 . A type of antenna called a horn reflector antenna has a nearly square aperture 
of width W. The field strength at the aperture is constant in one direction, 
which we shall call the y direction, and varies in the other, x , direction as 

cos (irx/W) 

where x is the distance from the center line of the antenna. What is the 
aperture efficiency? 

2. A microwave source pointed at a circular parabolic reflector produces a field 
strength which varies as 




Sec. 1.4 • Gain above Isotropic Radiator 



11 



We can adjust a so that it is greater or less than D/2, where D is the diameter 
of the parabolic dish. 

(1) What fraction of the power from the source falls on the dish? 

(2) What is (E) 2 /E 2 for the power that does fall on the dish? 

(3) What is the ratio of the effective area of the antenna to its actual area? 

(4) What is the largest value of this ratio as a function of D/a, and for the 
largest value, what fraction of the energy falls on the dish? 

3. What is the effective area of an isotropic source? 

4. The field strength of a dipole antenna such as a small loop, with or without a 
ferrite rod through it, varies as 



(1/r) cos </>: 




Here $ is angle with respect to the plane of the loop. What is the effective area 
of a dipole? (Assume the receiving antenna is located to maximize received 
power.) 

5. Derive (1.3-1) for arbitrary reflector antennas which have all dimensions much 
larger than the wavelength, knowing it for circular apertures. We are to show 
that for uniform illumination, effective area is the ordinary geometric area. 



1.4. Gain above Isotropic Radiator 

We can only approximate isotropic radiation of electromagnetic 
waves. Nonetheless, the directivity of an antenna is sometimes specified in 
terms of gain (in power received from the antenna) over the power that 
would be received if the antenna radiated isotropically. 

If we used a receiving antenna of effective area A R , the fraction of 
the power received from an isotropic antenna at a distance L would be 

Pr/Pt = A r /4ttL 2 (1.4-1) 

We have from the last section that for a transmitting antenna of 
effective area A 



PrIPt = A r A/A 2 L 2 (1.3-1) 

Thus the gain G of an antenna of effective area A must be 

G = 4ttA/A 2 (1.4-2) 



In dB the gain is 



10 log 10 G dB 



(1.4-3) 
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If we have a transmitting antenna of gain G T and a receiving antenna of 
gain G r separated by a distance L, the ratio of received power to 
transmitted power will be 



Pr _ G t G r A 2 
P T 16tt 2 L 2 



(1.4-4) 



The idea of the gain of an antenna with respect to a hypothetical 
isotropic antenna is quite natural in dealing with antennas of rather low 
directivity such as those used in the early days of radio. When we use such 
antennas, the received power does, indeed, increase with wavelength of 
operation, as indicated by equation (1.4-4). 

Antenna gain also provides a way of dealing with directive array 
antennas such as those used in VHF television reception; Section 7.8 
discusses arrays. 

There is a serious problem in thinking only in terms of gain in the 
case of paraboloidal reflectors or other antennas which have a well- 
defined geometrical aperture. When the geometrical areas of the trans- 
mitting and receiving antennas are held constant, the received power 
varies roughly (because efficiency changes somewhat with A) as 1/A 2 , in 
accord with (1.3-1), rather than with A 2 , in apparent accord with (1.4-4). 
The reason is, of course, that the directivity of an antenna of constant 
aperture increases as the wavelength is decreased (or as the frequency is 
increased). For a fixed antenna construction cost, then, it may pay to 
choose as high a frequency as technology will permit. We shall study this 
in Section 12.6 in connection with the photon channel. 

But, antenna gain seems to be permanently enshrined in a figure of 
merit for communication satellite ground stations, which is the gain 
divided by noise temperature: 

figure of merit = G/T n (1.4-5) 

Here G is the power gain (as a factor, not dB) of the receiving antenna, 
and T n is the noise temperature of the receiving system (see Section 2.2). 
We will note here that the noise power in a receiver of specified 
bandwidth and gain is proportional to T n , which is a measure of the 
noisiness of the receiver. 

We find the effective area corresponding to a cone of constant- 
density radiation in the next section. 



Problems 

1. An antenna has a diameter of 3 ft and an aperture efficiency of 0.65. What is 
the gain at wavelengths of 1 cm, 3 cm, 7.5 cm, 15 cm, and 6000 A? 

2. What is the antenna gain of a dipole? (See Problems 3 and 4 of Section 1.3.) 
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3. Find the effect on received power of doubling the communication frequency 
but keeping the transmitted power the same in each of the four cases below. 
Assume that the efficiency of the reflector antennas is independent of fre- 
quency over the octave range in question. The term “omni antenna” refers to 
an omnidirectional or perfect isotropic radiator. 

(a) Reflector antenna transmitting and reflector antenna receiving. 

(b) Reflector antenna transmitting and omni antenna receiving. 

(c) Omni antenna transmitting and reflector antenna receiving. 

(d) Omni antenna transmitting and omni antenna receiving. 



1.5. Effective Area for a Cone of Constant-Density Radiation 



Section 1.2 gave a preliminary discussion of antenna directivity. 
There are many possible definitions of directivity. We might use the 
half-angle at which the square of the field (proportional to power density) 
is \ that on the axis. Or, we might use the half-angle of a cone containing 
half the radiated power. We can define a different sort of directivity that 
is easy to calculate: the half-angle of a cone that would contain all the 
power radiated if the field were zero outside of the cone and were equally 
strong for all angles within the cone. 

First we calculate the solid angle ip of a cone of half-angle 0: 



or 



If 0 . 1 0 

i// = — I (27rr sin (f>)(r d(p) = 27rr 2 (— cos </>) 

r Jo r o 

ip = 4rr sin 2 (0/2) steradians 



27t( 1 — cos 0) 

(1.5-1) 



When 0 = 7r, ip = 277, as it should. 

If all the power transmitted had a constant density per steradian in a 
cone of half-angle 0, what would the angle 0 be? The received power is 

_ a t a r p t _ A r P t 

R ~~ A 2 L 2 L 2 [4n sin 2 (0/2)] 



Here A T is the effective area of a very special antenna whose radiation 
pattern is constant power density within a cone of half-angle 0. We see 
that 



sin 



2 



0 

2 



0 = 



A 2 

47tA t 
2 sin -1 



A 

2tt^(A t )^ 



(1.5-2) 



We can also solve for A T : 

Ak. r y 



A 2 



477 sin 2 (0/2) 



(1.5-3) 
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This gives the effective area corresponding to a cone of half-angle 0 of 
constant-radiation density. When 0 = tt (a complete sphere), we obtain, 
as we should, the area of an isotropic radiator, which we worked out in 
Problem 3 of Section 1.3: 



A t 



A^ 

477 



An isotropic radiator does not exist for electromagnetic waves. Nonethe- 
less, it is frequently used as a standard, and, as we noted in Section 1.4, 
antenna gain is measured with respect to an isotropic radiator. 

For a circular antenna of diameter D, 

a ttD 2 (E) 2 




If the angle is very small 

2A((fiy;y* 

ttD ' E 2 / 



(1.5-4) 



(1.5-5) 



We compare this with the expression in Section 1.2: 

0 - A/2D (1.2-2) 

We note that in (1.5-4) and (1.5-5) we have used (E) 2 /E 2 rather than 
the overall efficiency. The directivity depends on the power actually 
radiated from the dish, disregarding transmitter power which does not 
reach the dish but misses it. 

So far we have assumed distant antennas. The next section considers 
how far from an antenna we must be to make this assumption valid. 



Problems 

1. What is the ratio of the angle given by (1.2-2) to the angle given by (1.5-5)? 

2. Let A = 10 cm and D = 3 m. Let ( E) 2 /E 2 = 0.7. What is 0 in radians? 



1.6. Near and Far Fields 

The transmission formula of Section 1.3, 
PrIPt = A t A r /X 2 L 2 



(1.3-1) 
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Figure 1.6. Path lengths differing by half a wavelength. JL 




holds when the antennas are “far” apart. How far? Here there are two 
considerations. 

One is that a parabola focuses or images a microwave source at 
infinity. The aperture of the antenna is illuminated all in phase. If we look 
at the aperture from too short a distance, the edges are appreciably 
farther away than the center is. When the edges are a half-wavelength 
farther away than the center is, we are in real trouble. 

Figure 1.6 casts some light on this. We see that this real trouble 
occurs when 



(L + A/2) 2 = (D/2) 2 + L 2 
L 2 + LA + A 2 /4 = D 2 /4 + L 2 
L = (D 2 - A 2 )/4A 
Usually, D 2 » A 2 and we can write 

L = D 2 /4A (1.6-1) 

If we are to measure the effective area or the gain of an antenna by 
sending a signal to it from a distant source, the source must be several 
times the distance given by (1.6-1). Very large antennas are sometimes 
calibrated using point source radio stars of known strength, such as 
quasars, which are certainly far enough away. 

Let us turn to another but secondary aspect of (1.3-1). If our 
calculations show that P R /P T is greater than unity, something is certainly 
wrong with the formula, but not necessarily with the system. When the 
value of P R /P T as computed from (1.3-1) is unity or greater, we may 
actually be receiving a large fraction of the transmitted power. Rudolf 
Kompfer has called a pair of such antennas a “Hertzian cable.” It is a 
wireless device for transmitting power with a very low loss. It has, in fact, 
been proposed that antennas for which (1.3-1) gives a value of P R /P T 
greater than unity be used to transmit electric power, generated by solar 
radiation, from a satellite to the earth using microwave frequencies. 

The concave mirrors at the ends of a gas laser likewise form an 
antenna system for which P R /P T as computed by (1.3-1) is much greater 
than unity. These mirrors trap the laser radiation in a beam between the 
mirrors. 
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So far we have been looking at the situation in which one antenna is 
transmitting and another is receiving. In the next section, we study the 
situation in which the goal is not communication from one antenna to 
another, but rather the probing of a distant object by means of elec- 
tromagnetic waves reflected from it. This is called radar. 



Problems 



1. Assume that in making an accurate measurement of an antenna the source 
must be far enough away so that the distance from the source to an edge of the 
aperture plane is only § wavelength longer than the distance from the source to 
the center of the aperture plane. What must the distance of the source be for 
the following cases in kilometers and miles? 



Diameter ( me t ters: 3 

1 feet: 9.84 

Wavelength, cm: 7.5 



100 

328 

7.5 



30 3 

98.4 9.84 

1 6 x 10“ 7 (6000 A) 



2. Assume that the antennas of a hertzian cable have diameters of 1 m. What is 
the largest allowable separation in meters for wavelengths of 10 cm, 1 cm, 
1mm, 6000 A? Hint: pretend (1.3-1) holds. 



1.7. Passive Reflection — The Radar Equation 

In a typical radar we send out a short microwave pulse and measure 
the time and the energy of the reflection from some distant object. The 
time T which elapses between the sending of the pulse and the return of 
the reflection is related to the distance L of the object by 

T = 2 L/c 



Here c is the velocity of light. 

What about the power or energy of the received pulse? In some 
instances this pulse represents the energy reflected from a single object, 
such as an airplane or missile we are trying to track. In other instances the 
returned pulse comes from an area of diffusely reflecting terrain (larger 
than the antenna spot size or footprint) that we are trying to map. 
Expressions for the ratio of received to transmitted power are quite 
different for the two different cases. 

Let us first consider the simpler case, that of the power reflected by a 
single object. 

Let the effective area of the transmitting antenna be A. Let it be 
aimed at an object a distance L away. Let the cross-sectional area of this 
object be A 0 . Then according to our transmission formula, the fraction of 
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the transmitted power which is intercepted by the object is 

AAp 
A 2 L 2 



Here A is the wavelength of the radar. Now suppose that the object 
reflects the incident power equally in all directions — that is, scatters it 
isotropically. The fraction of the scattered power which will be received 
by the transmitting antenna, now used as a receiving antenna (this is a 
“monostatic” radar), will be, from (1.4-1), 



A 

4t tL 2 



(1.7-1) 



Thus the ratio of the received power to the transmitted power will be 



Pr = A 2 A 0 
P T 4ttA 2 L 4 



(1.7-2) 



Equation (1.7-2) is the radar equation for reflections from a single 
object. We should note how rapidly the received power increases with the 
effective area of the antenna (as A 2 ) and especially how rapidly the 
received power decreases with the distance (as 1/L 4 ). 

Of course, not all objects scatter isotropically. A smooth reflecting 
sphere does. A corner reflector reflects strongly toward the transmitter. A 
wedge or cone pointed at the transmitter reflects very little back to the 
transmitter. Sometimes we want a large reflection; a corner reflector is 
good for this. Sometimes, as in the case of the Echo passive communica- 
tion satellite, we want a reflection in many directions; a sphere was good 
for this. Sometimes we want to avoid reflecting energy back to the radar, 
as in the case of escaping radar detection. Reference 3 discusses these 
basics of radar, especially Chapters 1-3. 

Let us now consider the more complicated case in which a radar 
antenna is pointed at a diffuse (rough) reflecting surface which is much 
larger than the radar beam. All areas of a perfectly diffuse surface by 
definition appear equally bright from each point of view, no matter what 
the direction of illumination. In this case, all the transmitter power 
reaches the surface, and some of the reflected or scattered power is 
picked up by the antenna. Because the surface is rough, reflections from 
various parts of the surface will arrive at the receiver in different random 
and independent phases. As a consequence, the powers reflected from 
different areas will add. This will become more rigorous in Section 7.7 
(when we discuss the phenomenon of speckle) and in Section 8.4 (when 
we discuss the variance of a random variable). 

If the beam of incident power P t strikes normal to a totally reflecting 
totally diffuse surface, the amount of power A P r reflected back in a small 
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solid angle of Ai// steradians around the axis of the beam is 



A P r = 




IT 



(1.7-3) 



The expression comes from the conservation of power, which is scattered 
back from one side only of the surface (none goes through it). The 
derivation (1.7-3) is not completely routine. We shall assume it here. 

If the diffusely reflecting surface absorbs some of the incident power, 
and if the radar beam is directed at the surface from an angle 6 with 
respect to the normal, we can write the power reflected back in a narrow 
angle Ai// around the axis of the radar beam as 

A P r = R(6) — P i (1.7-4) 

7 T 



Here R(0) is a diffuse reflection coefficient or backscatter function. It is 
identically equal to 1 for a perfectly diffuse surface. 

We will assume that the radar beam is reasonably narrow so that the 
distance L to any part of the surface that it strikes is a constant. The 
beam makes an angle 6 with respect to the normal to the surface, and this 
angle is constant for all the illuminated points. 

At the reflecting surface we will measure distance normal to the axis 
of the radar beam by distances x and y; they are not distances on the 
surface (unless the beam is normal to the surface). We will express the 
power density p in the beam as 

P = Pof((x/L),(y/L)) (1.7-5) 

Here p 0 is the power density on the axis of the beam and hence 

/(0,0) = 1 (1.7-6) 



We will assume that the beam is weaker off axis. 

How much power is incident on a little area dx dy at (x, y)? An amount 

p 0 L 2 f(u, v) du dv (1.7-7) 



Here 

u = xlL, v = y/L 

dx = Ldu , dy = Ldv 

The total transmitted power P T must be 



(1.7-8) 



Pt — Po L 2 




f(u , v) du dv 



(1.7-9) 



Equation (1.7-4) can be used to find the fraction of this power that 
will be reflected and picked up by the antenna of area A acting as a 
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receiving antenna. At a point (x, y) off axis, the effective area of the 
antenna as a receiving antenna will be reduced by a factor f(u , v). Thus 
the effective solid angle, Ai/r, of the receiving antenna for a source at a 
distance L will be 



Af(u, v) 






L 2 



(1.7-10) 



From (1.7-4), (1.7-7), and (1.7-10) we see that the total received power 
over the incident beam 

P R = } A P r 

will be 

P R = — — J | [f(u, v)] 2 du dv (1.7-11) 



This is because powers from different areas add. 
From (1.7-7) and (1.7-11) we see that 



Pr 

P T 






F = 



| ” f lf(u,v)?dudv 
C L f(u , v) du dv 



(1.7-12) 



(1.7-13) 



Thus, the received power depends only on the effective area A of the 
radar antenna, the distance L, the reflection coefficient R(6 ), which is a 
function of the angle of the beam with respect to the normal to the 
surface, and the factor F, which depends only on the antenna pattern. 

Further, the received power depends on A/L 2 rather on A 2 /L 4 as in 
(1.7-2), and in all real cases 

A/L 2 « 1 

Thus, the return from a large diffuse surface will be much greater than 
that from a single small object. This is not surprising. 

The factor F in (1.7-12) depends on the shape of the antenna 
pattern. If /(u, v) were unity within some given area and zero outside, F 
would be unity. For any nonuniform power distribution in the radar beam 
in which the power density decreases away from the axis, F will be less 
than unity. We can see this by noting that /(w, v) has been assumed to be 
unity on axis and less than unity off axis. Thus, off axis the square of the 
function is everywhere less than the function. 
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As an example, let us assume that 

f(u , v) = exp (-M 2 ) exp (-u 2 ) = exp[-(u 2 + v 2 )] 

If we let 

r 2 — u 2 4- v 2 

then the appropriate unit of area is 

2irr dr 



and 



/• GO / /• OO 

F = J 2 r exp (-2 r 2 ) dy j 2r exp (-r 2 ) dr 
F - 1/2 



(1.7-14) 

(1.7-15) 

(1.7-16) 



(1.7-17) 



The last few sections have been space oriented. Now let us turn to 
earthbound systems. In the next section, we study what the effect on 
communication may be if the medium is not free space but rather is an 
absorber of electromagnetic radiation. 



Problems 

1. A spherical satellite has a diameter of 100 ft and is 1500 miles from the 
transmitting and receiving antennas. Each of these has a diameter of 100 ft and 
an aperture efficiency of 70%. The wavelength is 7.5 cm. What is the path loss 
in dB? 

2. In passive satellite communication such as the Echo balloon, the transmitting 
and receiving antennas of effective areas A T and A R are separate and at 
distances Lr and L R from the satellite or target of area A 0 . Generalize the 
radar equation for such a system. (This is called a “bistatic” radar.) 

3. A distant corner reflector of apparent area A 0 acts as a transmitting antenna of 
area A 0 pointed back at the radar antenna. What is the radar equation for this 
case? 

4. What is the ratio of energy received from a corner reflector to energy received 
from an isotropic scatterer? How large is this ratio in dB for the dimensions 
given in Problem 1? 

5. Equation (1.7-3) comes from the following considerations: (a) at any angle 
from the surface, any part of a diffusely reflecting surface seems equally bright, 
that is, emits the same power per unit solid angle, but (b) when seen slantwise, 
any small area of the surface appears smaller than when looked at normal to 
the surface. Derive (1.7-3) from these assumptions. 

6. Give a heuristic justification of the fact that received power depends on 1/L 2 
(rather than on 1/L 4 ) in equation (1.7-12) for the received power in a radar 
illuminating a large diffuse area. Why is the received power proportional to 
antenna area A rather than A 2 ? 
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7. A perfectly diffuse sphere is very distant from a radar, so that it fills only a 
small part of the beam. Show that the received power is l/u times what would 
be received from an isotropically scattering sphere of the same radius, as given 
by (1.7-2). (We say that it has radar cross section 1 /tt times as great.) Give an 
explanation of why the radar return might be less. Where roughly might we put 
the receiving antenna of a bistatic radar to maximize the received power? 



1.8. Earthbound Systems 

So far we have considered microwave propagation through free 
space. By free space, we mean space that is really free — of rain or gases 
that may absorb microwaves, of layers of different atmospheric density 
that may reflect or refract radio waves, or of hills or trees that may stop 
or absorb microwaves. In such free space, the transmission formula, 
(1.3-1), holds. 

But, there are many earthbound microwave systems. Some consist of 
a single hop, as from a TV studio to a mountain-top transmitter. Others 
span the country. A signal is received, amplified, and retransmitted by 
microwave repeaters 100 times in crossing the continent. 

Microwave transmitting and receiving antennas near the earth’s 
surface must be in line of sight of one another. Over fairly level terrain, 
microwave antennas are put on towers on hilltops. The towers may be 
around 100 ft tall and spaced about 30 miles apart. In mountainous 
regions, somewhat longer paths (around 50 miles) may be used. 

When the ground is very smooth, a wave reflected from the ground 
may reach a receiving antenna out of phase with the transmitted wave 
and thus cause fading. This happens particularly in very flat desert areas. 
One cure is to put one antenna (transmitting or receiving) close to the 
ground and the other on a high tower, so that the reflected and direct 
paths do not differ much in length or position and remain stably in phase 
despite fluctuations in atmospheric density. Other ways of coping with 
fading will be discussed in Section 7.7. Reference 4 contains a good 
discussion of propagation and fading in various propagation media that 
earthbound transmission systems must traverse. 

Sometimes refraction by layers in the atmosphere creates two paths 
between a transmitting and receiving antenna, and the signals via the two 
paths may be out of phase. This may cause fades of several tens of dB. 
The remedy is to switch to a different frequency ( frequency diversity) or to 
an antenna at a different height on the tower ( spatial diversity). 

Fading is generally worse over long paths than over short paths. 
Figure 1.7, taken from Reference 4, shows the median duration of fast fades 
as a function of depth of fade for 4 GHz and a path length of 30-35 miles. 
In designing earthbound microwave systems a fading margin of around 
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Figure 1.7. Median duration of fast fading. 

30 dB is commonly allowed on each hop. But, in a long system with many 
hops it is uncommon for several paths to fade deeply at once. 

The absorption of microwaves by rain increases with increasing 
frequency. It is small (in dB/km) at 4 GHz and large at 18 GHz, as we can 
see from Fig. 1.8, also taken from Ref. 4. At 4 GHz fading dominates. At 
18 GHz attenuation due to rain dominates, and repeaters (which pick the 
signal up, amplify it and send it on) must be spaced more closely. 

The transmission formula tells us that the ratio of received power to 
transmitted power is proportional to 1/L 2 , where L is the distance 
between the transmitting antenna and the receiving antenna. Thus the 
path loss in dB is 

path loss = K + 20 log 10 L dB (1.8-1) 

Here K is a constant which depends on antenna size and on wavelength. 
Equation (1.8-1) should be contrasted with the path loss or attenuation 
for transmission systems in which a signal is sent over a transmission line 
such as a pair of wires or a coaxial cable, through a waveguide, or as light 
through an optical fiber. In these cases 

path loss = aL dB = A dB (1.8-2) 

Here a is an attenuation constant that gives the attenuation in dB per 
unit length, and the total attenuation A is simply this constant a times the 
length L of the cable, fiber, or waveguide. 

The difference between attenuation or path loss for the microwave 
system (1.8-1) and attenuation for the transmission-line system (1.8-2) 
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Figure 1.8. Estimated atmospheric absorption. 

can be best appreciated through an example. Assume that in each case 
the path loss for a given distance (say, 10 miles) is 60 dB. If we double the 
distance, in the case of the microwave system the path loss will become 
66 dB, while in the case of the transmission line system the path loss will 
become 120 dB. We shall explore the implications of this phenomenon 
for jamming and snooping in Section 12.7. 

In the microwave case increasing the power 6 dB or four times makes 
it possible (in free space) to receive the same signal strength twice as far 
away, and another 6 dB will double that distance again. In the transmis- 
sion line case increasing the power does not increase the distance we can 
send a signal very much. Hence transmission line systems tend to use low 
powers and close repeater spacings. In coaxial cable systems and in 
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FREQUENCY IN GIGAHERTZ 



Figure 1.9. Attenuation of millimeter waveguides 
[from Bell Lab. Rec. 53(10), 406 (1975)]. 



submarine cables the power for the repeaters is sent over the cable itself 
and this tends to limit the power that can be supplied and to favor 
low-power repeaters more closely spaced. The total power that has to be 
supplied over the cable will then be less. 

In transmission lines such as wire pairs and coaxial cables the 
attenuation constant a increases as the square root of the frequency. 
Hence the attenuation is greater for broadband signals such as TV than 
for narrowband signals such as voice. 




Figure 1.10. Attenuation for best optical fibers [from Olshansky, R., “Propagation in Glass 
Optical Waveguides,” Rev. Mod. Phys. 51 ( 2 ), 350 (1979)]. 
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In waveguides and optical fibers, a small percentage range of high 
frequencies (microwave or optical) is used in sending a signal, so in effect, 
the attenuation constant does not vary with signal bandwidth. This is, of 
course, the same as in microwave radio systems. 

Figures 1.9 and 1.10 give typical data on attenuation of millimeter 
waveguides and optical fibers. We note that the attenuation of the best 
optical fibers has been dropping rapidly in recent years, especially for 
wavelengths around 1 micron. 

This first chapter has studied the propagation of electromagnetic 
signals so that received signal power can be determined. This determines 
the most important limitation on communication rate. The next chapter 
studies the second most important limitation on communication rate, 
noise. 



Problems 



1. For a path length of 30 miles, how high must two towers of equal height be to 
just give line-of-sight transmission over a smooth earth? What if one antenna 
is at zero height? 

2. A transmission system using a cable (as, a submarine cable) has a transmitter at 
one end, a receiver at the other end, and repeaters equally spaced in between, 
as shown in the diagram. Each repeater consists of a receiver R connected to a 



CMXhrMb 





transmitter T. Each receiver adds noise equivalent to a power P n added to the 
signal at the receiver input. We assume that the gain in the receiver makes up 
for the loss in a cable section, so that the signal power is the same at each 
receiver input. Given an attenuation of A dB for the whole cable and a total 
power available for all transmitters of P 0 W (watts), what is the ratio of signal 
power to noise power in dB at the end of the cable if the cable is divided into 
N sections (transmitter, N - 1 repeaters and receiver)? Assume that the noise 
NP n is small compared with the signal, P 0 /N, so that we can ignore the effect of 
noise power decreasing the signal power. This is the case in practice. 



3. The L5 coaxial cable system can carry 10,800 telephone channels per coaxial 
pipe for a distance of 4000 miles. The overall attenuation in 4000 miles is about 
130,000 dB. Assume a total power P 0 for transmitters of 4000 W (P 0 /N per 
transmitter) and an equivalent noise power at the input of each receiver of 
10 12 W. What would the signal-to-noise ratio be for repeater spacings of 2, 1, 
and \ miles (2000, 4000, 8000 repeaters)? 



4. The parameters of this problem are the same as for Problem 3, except that P 0 
is not given; but the required signal-to-noise ratio is given and is 50 dB. What 
value of N minimizes P 0 ? What is this minimum P 0 ? How does N depend on 
the specified signal-to-noise ratio? 
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Sources of Noise 



In a microwave transmission system, a signal is sent from a transmitting 
antenna to a receiving antenna. We have seen that only a very small part of 
the transmitted power is picked up by the receiving antenna. The receiv- 
ing antenna also picks up as noise random electromagnetic radiation from 
any body that lies within its beamwidth, and some noise from interstellar 
space, which is filled with electromagnetic radiation. Thus the elec- 
tromagnetic wave which the receiving antenna feeds to the receiver for 
amplification and detection is a mixture of signal and noise. The receiver 
adds further noise, some of it unavoidable, in the process of amplification, 
so that the amplified signal, prior to detection or demodulation, has some 
carrier-to-noise power ratio, P c IPn> or noise-to-carrier power ratio, 
Pn/Pc • We will study these phenomena for microwave and optical com- 
munication systems in this chapter. 



2.1. Johnson or Thermal Noise 



The thermal agitation of charges in any conducting or lossy body 
produces fluctuating currents and voltages. Nyquist evaluated these by 
considering the average energy in a resonator which is in equilibrium with 
an environment of temperature T. We will follow in his footsteps. See 
Chapter 4 of Reference 1 or Chapter 4 of Reference 2 for more. 

According to Boltzmann, the probability P that a mode of oscillation 
will have an energy E is 

P = Ae~ E/kT (2.1-1) 

We will study probability more formally in Chapter 8. In (2.1-1), A is a 
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constant, and k is Boltzmann’s constant: 

k = 1.380 x KT 23 J/°K 

(Here we use J/°K to stand for joules/degree kelvin.) 

According to quantum mechanics, an electromagnetic mode of fre- 
quency f can have 0, 1, . . . , n, . . . photons in it. Reference 2 of Chapter 1 
gives the basics of modes of oscillation. For n photons the energy will be 

E n = nhf (2.1-2) 



Planck’s constant, h , has a value 



h = 6.62 x 10 34 J sec (joule seconds) 

The sum over all n of the probabilities P(n) that a mode will have 
energy nhf or will have n photons in it must add up to unity. Hence 

1 = £ P(n) = A £ e ~ nhflkT 

n = 0 n — 0 



We can see by multiplying the left-hand side of the equation below 
term by term by the denominator of the right-hand side that 

1 



-nhf/k T _ 



1 - e 



-hf/kT 



Hence 



A = 1 - e 



-hf/kT 



The average energy E in a mode will be the sum of the energies 
weighted by probability of occurrence: 

oo 

£ = A X nhfe~ nhflkT 

n = 0 



In Section 8.4 we will study averages or expectations in more detail. 
We see that E can be represented as 



E = 



d X e~ nhf/kT 



-A 



n = 0 

d(HkT) 



Thus we can use the sum we have already found: 



d[l/(l - e~ h ^ T )] 
d(l/kT ) 



= (1 - e - hf/kT ) 



hfe~ hf/kT 
(1 - e~ hflkT ) 2 



hf 

e hf/kT - 1 



(2.1-3) 
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When hf/kT « 1, the average energy of an electromagnetic mode of 
frequency f and temperature T is independent of frequency and is 

E= kT (2.1-4) 

We will now derive Johnson noise. Imagine a very long electrical 
transmission line of length L on which waves of any frequency travel with 
a velocity c. Imagine that the line is shorted at each end. The line will 
have resonant modes having frequencies 



me 
2 L 



where m is an integer. We see that the frequency interval between one 
mode and the next is c/2L. Thus there are 2L/c modes per unit fre- 
quency. 

If these modes are in thermal equilibrium with an environment at a 
temperature T, each will have an average energy given by (2.1-3). Half of 
this energy can be regarded as energy traveling to the left. At the end of 
the line this energy will be reflected and will travel to the right. Half of 
the energy will travel to the right, and on reflection will travel to the left. 

The energy density traveling to the right is 1/L times the energy 
traveling to the right. The power traveling to the right is c times the 
energy density traveling to the right. Hence the power A P n directed to the 
right and consisting of waves lying in the frequency range A / is 



APn = \~i c ' E ' Af 



From (2.1-3), this becomes 



> 

II 

1 

I—* 

> 


(2.1-5) 


When hf/kT « 1, (2.1-5) is approximately 




<1 

Fh 

•II 

<1 


(2.1-6) 



If the transmission line is terminated by resistances equal to its charac- 
teristic impedance at each end, (2.1-5) will hold, but the noise power 
traveling to the right will come from the terminating resistance on the left 
and will be absorbed by the terminating resistance on the right, and the 
power traveling to the left will come from the terminating resistance on 
the right and be absorbed by the terminating resistance on the left. 
Equation (2.1-5) gives the available noise power from any resistor at 
temperature T. 

We get the maximum power from a power source of internal resis- 
tance R by attaching a load of resistance R. The voltage falls to half the 
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open circuit voltage V and the available power is th us V 2 /4 R. Thus from 
(2.1-5) the mean-square open-circuit noise voltage AV 2 across a resistor 
of resistance R must be 



AV 2 = 4 ghfffc y_ 1 RA/ (2.1-7) 

When hf/kT « 1, 

AV* = 4kTR&f (2.1-8) 

Equations (2.1-5) and (2.1-7) [or (2.1-6) and (2.1-8)] apply to the 
radiation resistance of an antenna which sees an environment of uniform 
temperature T. This tells us, as we already saw in Section 1.4, that a 
highly directive antenna must have more gain than a less directive 
antenna, because the highly directive antenna derives from a small part of 
the environment the same noise power that a less directive antenna 
derives from a larger part of the environment. 

In the next section, we will see how this noise is budgeted for in 
communication systems. 



Problems 

1. Compute the temperatures at which hf = kT for the following wavelengths: 
10 cm, 1 cm, 1 mm, 6000 A. 

2. For a temperature of 293°K (“room temperature”), at low frequencies, what is 
the power level of Johnson noise in dB W for bandwidths of 10 Hz, 3000 Hz 
(telephone), and 4 million Hz (television)? 

3. Compute the total power for all frequencies according to (2.1-5). (It may help 
to know that Jo [In u/(l - u)] du = - tt 2 / 6 .) 

4. Give approximate expressions for the fraction of the total power below the 
frequency /, assuming (a) that hf/kT « 1, and (b) that hf/kT » 1. 

5. For T = 293°K and / = 10 7 Hz, what fraction of the noise power lies below / 
in frequency? 



2.2. Noise Temperature and Noise Factor 

In defining noise temperature and noise factor, it is assumed that 
hf « kT , so that the noise power output P n of a receiver whose antenna 
is pointed at an absorbing body of temperature T is 

P n = kTGB (2.2-1) 

Here GB is the receiver gain-bandwidth product. If the power gain G is a 
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function G(f) of frequency, then (2.1-6) yields a definition of gain- 
bandwidth product when the gain is not constant: 

GB = [ G(f) df (2.2-2) 

Jo 

Now, imagine two receivers with the same gain-bandwidth product 
GB. The first receiver is the actual receiver. Its antenna is pointed at an 
absorbing body of zero temperature. The noise output P n is entirely a 
result of noise generated in the receiver. 

The second receiver is a noiseless receiver with the same gain- 
bandwidth product as the first. Its antenna is pointed at an absorbing 
body of temperature T n . T n is adjusted so that the noise power output P n 
is exactly the same as the noise power output of the first receiver. T n is 
then the noise temperature of the first receiver. 

The noise temperature T n of a receiver is the temperature of the 
source which would account for the observed noise output if all the noise 
came from that hot source instead of from the receiver. It follows that if 
the receiver were connected to a source at 0 °K, T n is the temperature to 
which we should have to raise the source in order to double the noise output 
power. 

Noise figure or noise factor NF is defined as 



NF = — + 1 
290 



(2.2-3) 



This is often expressed in dB. 

If we had a receiver of noise factor 1 or 0 dB or a noise temperature 
of 0°K connected to a source at 290°K (about “room temperature”), the 
noise would just be amplified room temperature noise. The noise factor 
of a typical spacecraft receiver for the 2-6 GHz region of the microwave 
spectrum is about 2-5, or 3-7 dB. 

The term “noise factor” is never used in describing the very-low- 
noise receivers used in radio astronomy and deep space systems. “Noise 
temperature” is used instead. For sensitive deep space microwave receiv- 
ing systems, the lowest system noise temperature is around 11°K. 

In the next section, we will begin to see how noise affects the 
“bottom line” of a communication system, which is the rate of transmis- 
sion of data or information. 



Problems 

1. The noise temperature of a receiver is 100°K. It is fed by a 100°K source. By 
what factor will the noise output power be increased if the temperature of the 
source is increased by 10°K? 
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2. A receiver is switched between a source at a temperature of 293°K and a 
source at a temperature of 500°K. The noise output is increased by a factor of 1 .5 . 
What is the noise temperature of the receiver? 

3. An antenna of 70-dB gain (see Section 1.4) and 20°K system noise tempera- 
ture when looking into free space looks at the planet Venus when it is 42 
million km away. Venus has a diameter of 12,400 km and a temperature of 
600°K. What is the system noise temperature now? 

4. A satellite receiver has a tunnel-diode preamplifier with a noise figure of 3 dB 
and a power gain of 10 dB, followed by a FET (field effect transistor) amplifier 
with a noise figure of 6 dB and a gain of 20 dB. What is the receiver noise 
temperature? What is the overall receiver noise figure in dB? How does this 
depend on the gain of the FET stage? 



2.3. Noise-Limited Free-Space Transmission System 

In a free-space radio transmission system, what we want is transmis- 
sion with some specified signal-to-noise power ratio SIN and some 
bandwidth B over some distance L. What we have to pay for this is some 
transmitter power P T , some receiving antenna area A R , and some trans- 
mitting antenna area A T . The “cost” can be expressed by the product 
P t A r A t . This cost depends not only on S/N and L, but on wavelength A 
(or frequency /), and on the temperature T which specifies the unavoid- 
able noise present in space (cosmic microwave background radiation, 
about 3°K). 

The cost will be greater if the receiver is imperfect. Here we assume 
the receiver to be an ideal amplifier (see Section 2.9) of power gain G. 

If the transmitted power is P T , the received power P R will be 



Pr 



P pA R Aj 

A 2 L 2 



(1.3-1) 



The carrier power after amplification is 

GPxA r A x 

Pc = ° Pr = k 2 L 2 (23 ' 1) 

From Section 2.9, the noise power after amplification and frequency 
changing to a low frequency will be 

= BGhf(- hf j k \ - _- x + l) 



The first term is amplified Johnson noise; the second term is of quantum 
origin. Here we assume a linear amplification. But, for data transmission, 
photon counting is better (see Sections 12.5 and 12.6). We note that the 
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above relation can be rewritten 

Pn ~ BGhf i ^ e ~hf/kT 

From (2.3-1) and (2.3-2), we see that 

Pc P T A R A T 1 - e~ hflkT 
P N ~ A 2 L 2 Bhf 



Using 



A = elf 



this becomes 



(2.3-2) 



Pc _ F t A r A t f _ hf/kT \ 
P N L 2 B he 2U J 



(2.3-3) 



If we are designing a system for a specified carrier-to-noise ratio, it is 
convenient to rewrite this 



P t A r A t = (P c /P N )(L 2 B)(hc 2 /f)(\ - e ~ hf/kT )~ 1 (2.3-4) 
If we are in the microwave region where 

hf « kT 

we can approximate 

P t A r A t = (P c /P N )BL 2 (kTc 2 lf 2 ) = ( P c IP N )BL 2 X 2 kT 

P T A R A T = 1.24 x 10~ 6 (P c IP N )BL 2 Tlf 2 

= 1.38 x 10 ~ 23 (P C /P N )BL 2 T\ 2 (2.3-5) 

If we are in the optical region where 

hf » kT 

the approximation becomes 

P t A r A t = (. P c /P N )BL 2 (he 2 /f ) - (. P c /P N )BL 2 \eh 

P t A r A t = 5.96 x 10 - 17 (P c /P N )BL 2 /f = 1.99 x 10“ 25 (P C /P N )BL 2 \ 

(2.3-6) 

Equations (2.3-5) and (2.3-6) allow the cost P T A R A T to be rapidly 
calculated for any desired carrier-to-noise ratio P c IPn> if we know the 
bandwidth B , the communication distance L, the wavelength A, and, in 
the lower-frequency case, the noise temperature T. 

The next section studies the measurement of noise, not when it is 
interfering with the signal as here, but rather when the noise itself carries 
information about a phenomenon we are trying to measure. 
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Problems 

1. Assume L = 4 light years and P C /P N = 100. Assume aperture efficiencies of 
0.8. Assume the temperature of space to be 3°K. What transmitter powers P T 
are required for bandwidth B = 10 Hz and the following combinations of 
antenna diameter D and wavelength A? (D is the same for transmit and 
receive.) 

Case: a b c d 

D(m): 100 50 15 5 

A (cm): 10 1 0.1 6 x 10“ 7 (6000 A) 

2. Compute the powers also for B = 3000 Hz (telephone) and 4,000,000 Hz 
(TV). 

3. Compute the antenna beamwidths according to equation (1.5-5). Also com- 
pute the width of the beam in kilometers at a distance of 4 light years. 



2.4. Detection and Measurement of Faint Isotropic Sources 

Radio astronomers and Dr. B. M. Oliver (References 3 and 4) are 
interested in receiving and measuring signals from faint sources at great 
distances. Presumably these sources radiate more or less isotropically. At 
any rate, we cannot direct their power into a narrow beam aimed at 
earth. 

Equation (2.3-6) shows that for antennas of fixed size pointing at one 
another, the power required decreases with frequency even at high 
frequencies. Let us consider the case of an isotropic source of power P T 
and a receiving antenna of area A R . The fraction of the power received is 

Pr _ -Ar 
P T ~ 4 ttL 2 

The fraction of the power received is independent of frequency, so that 
the carrier-to-noise ratio depends only on the noise power. At low 
frequencies this is 

kTB 

At high frequencies, if we use an ideal amplifier this noise power is 

hfB 

Thus high frequencies are very bad for receiving from isotropic 
sources using an amplifier. Photon counting, treated in Section 12.5, is 
better, but we shall not consider it here. For a receiver on earth, some 
high frequencies are bad because of atmospheric absorption, particularly 
absorption by 0 2 and H 2 0. Low frequencies can be bad, too, because of 
noise from the galaxy. The Cyclops report indicates a microwave noise 
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Figure 2.1. Sky noise temperature for coherent receivers. 

“window” around 3 GHz or 10 cm. Figure 2.1 is an updated version of 
Fig. 5-2 from the Cyclops report, Reference 3. 

In the next section, we study sources of noise which we regard as a 
signal. This is the case in radio astronomy. 

Problem 

1. At what frequency / does the classical thermal noise term kTB become 
comparable to the quantum noise term hfB, if the receiver system noise 
temperature T is 5°K? 25°K? 125°K? 



2.5. Noise as a Signal 

What if we regard noise as a signal? Many signal sources do produce 
mixtures of many frequencies that are incoherent or unrelated in phase. 
These are therefore noise sources. Most light is such noise, just as the 
incoherent microwave radiation from a hot body is. 

Experience tells us that light from a hot body such as the sun or a hot 
filament can be a quite steady signal. How can this be? It is because the 
bandwidth of the detectors with which we observe fluctuations in the 
power emitted by the noisy light source is very small compared with the 
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bandwidth of the light which we observe with our senses. The wide 
bandwidth results in an averaging of fluctuations which smooths them out. 
We shall study averaging formally in Chapter 8. 

In noise, the different frequency components of the noise have 
random and independent phases, so that the phases of the frequency 
components are of no use to us. In using noise as a signal we use a 
detector that adds the powers of all the frequency components. A 
square-law detector in which the output voltage is the square of the input 
voltage is such a detector. 

In exploring the use of noise as a signal we must calculate two things. 
The firstTs the mean power P 0 of the noise. This is the mean-square noise 
voltage V 2 . The second is that part of the mean-squared fluctuation in V 2 
which lies in some baseband frequency range B, or in the frequency range 
0 to B. Reference 5 goes into this quite thoroughly in its Section 7-ld. 
We shall study frequencies and frequency spectra more formally starting 
in the next chapter. 

Let us use a rather elementary approach to analyzing noise as a 
signal. Consider a noise voltage V to be made up of a collection of sine 
waves of powers P n , frequencies co n , and random phases </> n : 

v = I (2 PJ 1 ' 2 cos (a > n t - <*,„) (2.5-1) 

n 

This is a Fourier series or integral, about which more will be said in 
Chapter 3. Here we are using power spectrum as an intuitive concept. We 
will rigorously define it in Chapter 6. In Section 9.4, we will learn more 
about how to represent noise as a random waveform. 

The power P associated with this voltage will be V 2 . This will contain 
terms of the form 



2P n cos 2 (a > n t - <£ n ) (2.5-2) 

It will also contain terms of the form 

2(4 P„P m ) 1/2 cos (w n t - </>„) cos (<o m t - 4> m ) (2.5-3) 

The first sort of term, (2.5-2), can be rewritten 

P n [l + cos2(co n t-c/> n )] (2.5-4) 

Thus each noise component of power P n gives rise to a constant dc term 
P n and a double-frequency term of amplitude P n . 

On summation, the constant term of (2.5-4) gives the total or mean 
noise power P 0 : 



Po = I Pn 

n 



(2.5-5) 
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The other part of (2.5-4) is the double-frequency term 

P n cos 2(<o n t - <f> n ) (2.5-6) 

The terms of form (2.5-3) can be rewritten 

2(P n P m ) 1/2 {cOS[(cO n - (x) m )t - ( <f) n - 

+ cos[(w n + co m )t - ( 4> n + c p m )]} (2.5-7) 

Thus every pair of noise voltages of power P n at frequency <o n and 
power P m at frequency co m gives rise to two fluctuating terms of amp- 
litudes 2 (P n P m ) 1/2 , one at the difference frequency (c o n - <o m ) and the 
other at the sum frequency (a> n + <o m ). 

Let us now consider a flat or white noise spectrum of power density 
N 0 that extends from some high frequency (/ 0 » B) to a frequency 
/o + B 0 . From (2.1-6), thermal noise is like this if 

h(f 0 + B 0 ) « kT 

B 0 is the radio frequency bandwidth of the noise. We will learn more of 
these spectrum matters in Chapters 6 and 9. 

If indeed all the frequencies in the noise waveform which we con- 
sider as a signal lie far above the base bandwidth B , the double-frequency 
fluctuations given by (2.5-6) and the sum-frequency fluctuations given by 
the second term in (2.5-7) will be at frequencies much higher than the 
upper baseband frequency B and cannot affect the power in the 
baseband. They average to zero, and the average does not noticeably 
fluctuate in bandwidth B. Here B is the base bandwidth over which we 
shall make use of the noise power as a signal. This is half the reciprocal of 
the observing or averaging time. The reason for the factor \ will appear in 
Chapter 5 when we study sampling. 

Thus from (2.5-7) the only terms we need to take into account in 
determining the fluctuation in the baseband are 

2(P n P m ) 1/2 cos [(co n - <o m )t - (4> n - (2.5-8) 

The squares or powers of such terms with o> n - <o m between -2ttB and 
+27 tB will add to give the mean-square fluctuation in the noise power up 
to the frequency B. The average value of the square of (2.5-8) is 

2P n P m (2.5-9) 

This fluctuation has a radian frequency ( (o n - (o m ) or a frequency (/ n - 

LI 

The problem is now to sum terms of the form of (2.5-9) over all pairs 
of frequencies whose difference is less than B. Here a geometrical 
diagram will be helpful. 

In Fig. 2.2 f m is plotted vertically and f n is plotted horizontally. If the 
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Figure 2.2. Region of integration in frequency space. 



noise power density is a constant N 0 for noises of all frequencies f n and 
f m , then for a small frequency range df n at f n the power dP n is 

dP n = N 0 df n (2.5-10) 

Similarly for a small frequency range df m at f m the power dP m is 

dP m = N 0 df m (2.5-11) 

Here 

2 (dP n )(dP m ) = 2N 0 2 df n df m (2.5-12) 

The dashed region in Fig. 2.2 represents all pairs of frequencies 
which (1) lie in the bandwidth B 0 between f 0 and f 0 + B 0 and (2) have 
differences less than the baseband B. This region is bounded by the 
vertical lines 



fn ~ fo, fn fo BO 

and the horizontal lines 

fm = /o> fm = fo + B 0 

and lies between the 45° lines 

fm = fn 
fm=fn~B 

Within this region 

fm < fn 

Thus within the dashed region we will not be counting a term such as 
(2.5-9) twice by interchanging f n and / m . 

From (2.5-9) and (2.5-12) we see that the total fluctuation in the 
power lying in the baseband B, which we will call P b 2 , will be 2 N 0 2 times 
the area of the dashed region, or 

P b 2 = 2 No 2 [|B 0 2 - &B 0 - B) 2 ] 

P b 2 = 2N 0 2 B 0 B(1 - B/2B 0 ) 



(2.5-13) 
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We have found the mean-square fluctuation P b 2 in the baseband 
noise power. From the definition of the constant noise power density N 0 
it follows that the total average noise power P 0 (which we now regard as 
our signal) is 

Po = N 0 B 0 (2.5-14) 

Thus the noise-to-signal ratio N/S , the ratio of mean-square baseband 
power fluctuation to the square of the average power, is 

N/S = P b 2 /P 0 2 

N/S = 2(B/B 0 )(1 - B/2B 0 ) (2.5-15) 

Equation (2.5-15) states that for a given observation time (=1/2B) the 

mean-square error decreases as the rf bandwidth is increased, and the use 
of very large rf bandwidths is highly advantageous in estimating the 
strength or noise spectral density N 0 of a white noise source. 

We see that in order to attain a good signal-to-noise ratio when using 
an incoherent source as a signal, we must make 

B 0 » B (2.5-16) 

This corresponds to long observations or a wide rf bandwidth B 0 . When 
this is so, very nearly 

P 2 /P 2 = 2B/B 0 (2.5-17) 

We will study the performance of microwave radiometry in the next 
section. The performance depends on the results of this section. 



Problems 

1. According to the derivation of (2.5-13), what is the mean-square fluctuation 
dP b 2 for a noise measurement in the baseband range df at /? (This gives the 
spectral density of the mean-square fluctuations in the power.) 

2. A radio astronomy antenna for measuring the apparent temperature of white 
noise sources in the sky which completely fill the antenna beam and corres- 
pond to noise of spectral density N 1 is replaced by another antenna. The new 
one has twice the effective area but the same rf bandwidth and the same 
receiving system noise density JV 2 . How much is the necessary observing time 
reduced for the same required measurement accuracy? If the rf bandwidth is 
doubled, what happens to the observing time, if B 0 » B? 



2.6. Microwave Radiometry 

Suppose that we point the antenna of a low-noise microwave receiver 
at a smooth lake or a tin roof which reflects the sky. The noise tempera- 
ture of this source will be the sky temperature, which is around 3°K if it is 
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not raining. Suppose that we point the antenna at dense bushes which are 
quite absorbing, and, by thermodynamic principles, radiating. The noise 
temperature of the source will be nearly the temperature of the bushes, or 
around 293°K or 20°C. We can, in effect, measure the noise temperature 
of a feature of the landscape by measuring the noise output of the 
receiver. Reference 5 discusses this in Section 7-1. 

In making such a measurement, it is very helpful to have a noise 
reference temperature. If we point the antenna steadily at one object, we 
can get a noise reference if we periodically push a tapered piece of lossy 
material into the waveguide which connects the antenna to the receiver. 
When the lossy material is out, the receiver input sees the effective 
temperature of the antenna, which depends on what the antenna is 
pointed at. When the lossy material is in, the receiver sees the tempera- 
ture of the lossy material. A device in which lossy material is periodically 
inserted into and withdrawn from a waveguide in order to measure the 
noise temperature is called a Dicke radiometer. Or, we may merely scan 
the antenna over the scene to be studied. In this case, we get a signal 
which depends on effective temperature differences in the scene scanned. 

Let us assume that the noise temperature of the receiver, including 
the antenna, is T n , and that the effective temperature of whatever the 
antenna is pointed at is T. Then the noise in the output of the receiver 
will be proportional to 

T 4 - T n (2.6-1) 

and the corresponding noise power P 0 in a radio frequency bandwidth B 0 
will be 

P 0 = k(T + T n )B 0 (2.6-2) 

We will note from (2.5-13) that within a baseband B there will be a 
mean-square fluctuation P b 2 in P 0 given by 

P b 2 = 2 k\T + T n ) 2 B 0 B(l - B/2B 0 ) (2.6-3) 

Suppose, contrary to fact, that there were no fluctuation in P 0 . What 
fluctuation AT about T, the source temperature, would be required to 
make the mean-square value of the corresponding fluctuation AP 0 in P 0 
equal to P b 2 ? From (2.6-2) we see that if we vary T by an amount AT we 
will have 



AP 0 = kP 0 AT 

(AP 0 ) 2 = (kB 0 ) 2 {Kff (2.6-4) 

Here the bar above the quantity denotes the average or expectation of 
the quantity, a concept which we study in more detail in Chapter 8. 




